As shown in Fig. S1 (and also in Fig. 1 ), a ferroelectric tunnel junction (FTJ) composed of a metal and a heavily and uniformly doped n-type semiconductor separated by an ultrathin ferroelectric barrier in thickness d is considered. A rectangular barrier of height U is assumed when the barrier is not polarized. The ferroelectric polarization P creates bound charges with a surface charge density of ±P at the two surfaces of the barrier. We assume the screening length in the metal side is zero, namely, the ferroelectric bound charges at the metal/ferroelectric interface can be efficiently screened by charges in the metal side. Therefore, the barrier height at the metal/ferroelectric interface is fixed.
We treat the screening in the semiconductor following the way used in MOSFET devices. [1] When the polarization points to the semiconductor, the semiconductor surface is driven into accumulation. It can be regarded as a metal. As in MOSFET devices, the density of accumulated majority carriers peaks at a finite distance, approximately 1 nm, away from the semiconductor surface. [1] We model the accumulated electrons as a charge sheet with zero thickness in a density σ A and at a distance δ away from the semiconductor surface, as shown in Fig. S1a . [1] A depolarization field develops due to the incomplete screening (Fig. S1c) . The potential energy drop -qΔϕ across the barrier due to the depolarization field can be obtained by solving the Poisson's equation,
, where -q is the electron charge, ε 0 and ε F the dielectric constant of the vacuum and the ferroelectric barrier, respectively. σ A can be obtained from the flat band condition as
P, where ε S is the dielectric constant of the semiconductor. This is consistent with the results in metal/ferroelectric/metal tunnel junctions. [2] When the polarization in the barrier is switched, pointing toward the metal, the negative bound charges in the ferroelectric/semiconductor interface have to be screened by the ionized donors in the semiconductor. This makes a region, w D in width, in the semiconductor surface depleted of electrons. As pointed out previously, when discussing tunneling through the space charge region, it is helpful to assume a complete depletion throughout the space charge region. [3] Therefore, as shown in Following the treatment of Zhulavlev et al., [2] the conductance per area is calculated using screen the ferroelectric bound charges. Fig. 1 and the calculation presented in Fig. S2 , the TER ON/OFF ratio increases with decreasing Nb concentration in the substrates (Fig. 3c) , owing to the wider space charge region required to screen the ferroelectric bound charges in the depleted state.
V. PFM characterizations through Pt top electrodes
PFM characteristics of Pt/BTO/Nb:STO are measured through Pt top electrodes (about 30 nm in thickness) using conductive diamond-coated silicon cantilevers (CDT-NCHR, NanoWorld). Hysteresis loops were collected in the DART mode with a triangle pulse applied on the Pt electrodes while the Nb:STO bottom electrodes were grounded. Phase images were recorded in single-frequency PFM mode over a 300×300 nm 2 area. compressively-strained BTO at low temperatures. [14, 15] The dielectric constant of Nb:STO depends strongly on the temperature, the doping concentration and the bias. [16] [17] [18] It increases with decreasing temperature, but decreases dramatically with increasing doping concentration and bias. The dielectric constant at 150 K of pure STO at zero bias is about 800. [14] Since the space charge region is strongly biased, it is reasonable to assume an average dielectric constant of about 200~300 for the space charge region in this heavily doped Nb:STO. [17] The width of the space charge region can then be estimated to be 5~8 nm. This indicates strong modulation of the overall barrier width by the polarization switching associated with the ferroelectric field effect. Therefore, the current can be effectively shut off in the OFF state. If ±2.2 V pulses are applied, an ON/OFF ratio about 40 can be maintained to more than 10,000 cycles, as shown in Fig. S11 .
